We report enhanced sub-Doppler cooling of the bosonic atoms of 39 K facilitated by formation of dark states due to the quantum interference of excitation amplitudes in the Raman configuration for the cooling and repumping lasers tuned around the D1 resonance. The temperature of about 12 µK achieved in the two stage D2-D1 molasses is the lowest ever reported for 39 K and spans a very large parameter region where quantum interference persists robustly. We also present results on enhanced radiation heating with sub-natural linewidth (0.1Γ) and Fano like profile, following the quantum features of 3-level coherently driven atomic system with complexities associated with optical pumping to dark states and Sisyphus effect in standing wave light fields, over and above the Raman quantum interference.
I. INTRODUCTION
Potassium and Lithium are important alkali group atoms for a variety of experiments employing cold atoms due to the existence of both fermionic and bosonic isotopes. However, laser cooling of their bosonic isotopes to the sub-Doppler temperatures is difficult due to the closely spaced hyperfine levels in the cooling transitions. Further, their evaporative cooling to degeneracy is complicated because of their unfavorable scattering properties. The latter issue is usually solved with either sympathetic cooling with other atoms like Rubidium [1, 2] or using Feshbach resonances tuned with a magnetic field, in an optical trap [3] . To attain sub Doppler temperatures in 39 K, multi-stage molasses cooling strategies with relatively large laser power and large detuning in the first stage have to be implemented, and yet, the lowest temperatures are almost 100 times larger than the recoil limit, compared to a factor of 10 in case of Rubidium. 39 K has been cooled to temperatures as low as 30-40µK using D2 line molasses cooling [4] [5] [6] .
Gray molasses aided by optically pumped dark state formation with lasers tuned above the D1 line (blue detuning) of alkali atoms have been shown to result in ultra-low subDoppler temperatures [7, 8] . Very recently, enhanced cooling due to quantum interference effects and coherent dark state formation in such Raman configuration involving two driving light modes and a 3-level atom have been reported in laser cooling of 40 K [9] and 7 Li [10] .
We have been working on gray molasses with lasers tuned near the D1 line on the 39 K atoms that are precooled in a D2 conventional molasses (see Figure 1 ) and observed that apart from optically pumped dark states aiding the sub-Doppler cooling by a factor 2-3, quantum interference and coherent dark state formation helps to achieve sub-Doppler temperatures a further factor 3 lower over a very wide tuning range both above and below the D1 line, and even on the D1 resonance (See Figure 1) . like CPT, EIT and dressed states of the 3-level atom. In particular, the complexity can be tuned because the multiple physical effects -optical pumping and dark state formation, periodic Stark shifts in standing light fields and Sisyphus effect, and coherent effects involving dressed states from the quantum superposition of the two long lived and one dissipative excited state -depend on the intensity, phase and polarization of the laser beams, and on detuning between the lasers and detuning from the atomic transitions.
In the rest of the paper, we report the main results and their analysis, especially the ultra-low temperatures achieved in the molasses and the Fano-like profiles with sub-natural linewidth in radiation heating. A more detailed report of the studies will be presented later elsewhere.
II. EXPERIMENT AND RESULTS
The MOT is formed using 767nm laser tuned below the D2 transition of 39 K atoms.
Details of our experimental set up are described in [5] . The cooling and repump beams are derived from the same laser using AOMs and then mixed and amplified in a tapered amplifier. To capture the atoms into the MOT efficiently, the cooling beam is kept detuned The asymmetric Fano profile, typical of excitation probability in such atomic systems with interfering excitation pathways [13] is visible clearly in detailed measurements as shown in the figure (Fig. 2 ). The molasses cooling in Raman configuration seems to be effective over a wide range of absolute detuning (∆ = δ c = δ r ) from the atomic transition as can be seen from Figure 3 .
Even at the atomic resonance, the Raman condition reduces the temperature of the atoms.
Indeed, over a range of ∆ ≈ (+40, −25) MHz, the quantum coherence-enhanced cooling is relatively independent of the value of ∆. Cooling is observed until the absolute detuning (∆) is such that the cooling (ω c ) and repump (ω r ) frequencies approach midway between We thus observe that a two stage sub-Doppler cooling in molasses of 39 K results in a significant decrease in temperature. The temperature, measured to be about 12 µK is the lowest attained in 39 K molasses. Pre-cooling in the D2 molasses avoids any loss of atoms in D1 gray molasses. Thus the atomic cloud is well suited for transfer to magnetic or optical traps for further cooing. The large parameter range explored in the experiments require more detailed theoretical modeling than available so far.
